Abstract. Many biomechanical and medical analyses rely on the availability of reliable body segment parameter estimates. Current techniques typically take many manual measurements of the human body, in conjunction with geometric models or regression equations. However, such techniques are often criticised. 3D scanning offers many advantages, but current systems are prohibitively complex and costly. The recent interest in natural user interaction (NUI) has led to the development of low cost (˜↔200) sensors capable of 3D body scanning, however, there has been little consideration of their validity. A scanning system comprising four Microsoft Kinect sensors (a typical NUI sensor) was used to scan twelve living male participants three times. Volume estimates from the system were compared to those from a geometric modelling technique. Results demonstrated high reliability (ICC >0.7, TEM <1%) and presence of a systematic measurement offset (0.001m
Introduction
Within biomechanical and healthcare communities, reliable estimates of body segment parameters (BSPs) are desirable for a number of analyses [1] . For example, calculation of body volume index (BVI) is reliant on accurate measures of segment volume [2] , whilst inverse dynamics models require estimates of segment mass to calculate joint force and power [3] . Accuracy is paramount [4] , as small changes have been shown to greatly influence subsequent calculations [5] [6] [7] .
Previous studies have used medical imaging and scanning systems (DEXA, MRI and CT) to obtain accurate subject specific BSP estimates [8] [9] [10] [11] . However, the required investment [11] , lengthy scan time of MRI [11] , and health risks of DEXA and CT [9] have led to their criticism as viable methods.
Data tables [12] and regression equations based upon cadaver data [13] , [14] have proven a popular method of estimating BSPs, owing to their quick, easy, and cost effective techniques. However, the use of models and historical data results in BSPs of an inherently generic nature [15] . Such methods are also criticised as the data underpinning the models typically comes from small sample groups [16] that have a lack of gender and racial diversity [10] , and is therefore unrepresentative of the wider population.
Geometric modelling techniques [17] , [18] involve more measurements of the body, but typically offer significant accuracy improvements [19] . Wicke and Dumas [20] and Challis [19] suggested that limb segments can be reliably modelled using geometric shapes, but the trunk segment is difficult. For example, participants with a large stomach may not be well represented by the stadium solid shapes used in Yeadon's model [18] , leading to an underestimation of volume. The complexity of approximating the trunk segment is further increased due to its likelihood of changing shape during the breathing cycle [19] , leading to poor accuracy and reliability. These limitations have left researchers seeking alternative methods of estimating BSPs that are quicker, offer greater accuracy, and take into account the very specific nature of body segment shape.
Handheld laser scanners have previously been used to obtain subject specific BSPs within laboratory [1] and training environments [21] . Although offering high point accuracy [22] without associated health risks [23] , their conventionally cited accuracy may be reduced when scanning living humans due to the possibility of involuntary movement over the lengthy scanning duration (˜30 minutes). Full body scanners based on laser [24] , and structured light [25] offer shorter scan times (<30 seconds), but are prohibitively expensive for the majority of sports and healthcare research laboratories [26] .
The recent interest in natural user interaction (NUI) has led to the development of low cost (in the region of ↔200 [27] ) sensors which use a combination of 3D structured light scanning [28] and computer vision techniques [29] to capture human motion in 3D [30] . 3D scan data is typically captured at a rate of 30Hz and can be accessed in raw point cloud form [31] : providing a low cost method of 3D scanning. Their launch has led to significant interest in a range of communities including: robotics [32] , body scanning [30] , healthcare [33] , graphics [34] and apparel [35] .
Despite this, there have been few studies investigating their validity. A number of recent studies [31, 36, 37] investigated the accuracy of typical NUI sensors, but mainly focussed on simple measurements such as Euclidian distances and plane fitting residuals. Only single sensors were investigated, whereas a body scanning system would typically comprise multiple sensors [30, 38, 39] , possibly leading to a computing of error. A recent study by Clarkson et al [39] provides the most applicable assessment, using a scanning system comprising four Microsoft Kinect NUI sensors to take multiple scans of a machined cylinder representative of a large body segment. Circumference measurements were taken throughout the length of the cylinder and compared to gold standard measurements (± 0.01mm) taken with callipers. The results showed good reliability, and the presence of a systematic measurement overestimation. Nevertheless, suggesting potential for obtaining accurate and reliable BSPs of living human participants.
The purpose of this study was to compare two methods of obtaining first order BSP estimates (volume) of a living human participant's trunk segment. The trunk segment was chosen due to the well cited problems with modelling the trunk using geometric shapes. BSP estimates were obtained using a scanning system -comprising four NUI sensors -and with a geometric modelling technique. Intra participant reliability and the difference between methods was assessed. If the scanning system is able to produce comparable volume estimates and reliability then it could be used to replace current techniques, offering many advantages, and opening up numerous possibilities for the use of BSPs in a range of sports and health analysis environments.
Method

Scanning System
The Microsoft Kinect NUI sensor (Microsoft Corporation, Redmond, USA) was chosen for this study, owing to its low price point, support of a full software development kit (SDK), and the favourable results presented in previous studies [37] [38] [39] .
The scanning system comprised four Microsoft Kinect sensors mounted in a vertical orientation (figure 1a). The vertical orientation increased the vertical field of view (figure 1b), allowing the Kinects to be positioned closer to object being scanned, and resulting in an increased point cloud resolution [40] . The Kinects were affixed to four tripods, and located 0.9m from the centre of a 0.4m x 0.4m x 1.1m calibrated volume. The experimental setup was determined from previous investigations, and known to be sufficient to contain a participant's trunk segment within the calibrated volume, without the outer extremities of the body becoming too close to the Kinect to prevent reliable resolution of depth. A single computer running custom software (created using the Microsoft Kinect SDK-Microsoft Corporation, Redmond, USA) was used to control the Kinects, perform calibration, and capture scans. The software was used to switch the Kinect's infra-red (IR) projectors on and off during scanning to prevent interference between neighbouring sensors [38] . This resulted in a scan time of 1.5 seconds, simultaneously capturing 3D and colour data. Previous research has shown the Kinect to exhibit significant distortion of the depth data [39] . Therefore a device specific calibration procedure was followed prior to collection [39] , with the requisite calibration parameters used to correct the 3D data from each device.
The local coordinate system of each Kinect was aligned to a global frame using an initial calibration procedure [38] . A calibration object -comprising four spheres mounted on a vertical rod (figure 2a) -was placed in nine different positions within the capture volume. Point cloud scans and corresponding depth images were captured by each Kinect. Sphere centres were identified using a combination of Hough transforms [43] and a minimisation technique (figure 2c and 2e). A rigid body transformation algorithm [41] and RANSAC optimisation [38] used the sphere centre locations to calculate the requisite transformation matrices. 
Manual Measurement Protocol
After obtaining institutional ethics approval, twelve living male participants (aged 22 years ± 2, BMI 24 ± 3) were recruited for the study. Upon arrival, the height and weight of each participant was recorded using a stadiometer and digital scales to allow the classification of participants based upon BMI. Participants wore only a pair of close fitting lycra shorts throughout the duration of the study.
Trunk segment anatomical landmarks defined by Yeadon's model (figure 3) were located by an ISAK (International Society for the Advancement of Kinanthropometry) trained examiner, and palpated using 10mm diameter blue markers. Circumference measurements and breadths were taken at each segmentation level using anatomical tape and callipers respectively. The height of each segment was also recorded using a pair of callipers. Each measurement was repeated three times and an average value taken. These measurements were used in conjunction with Yeadon's formulae [18] to model the three segments and calculate the overall volume of the trunk.
Scanning Protocol
After measurement and palpation, the participants were asked to enter the scanning area. Each participant was scanned a total of three times, with one initial scan to allow the participant to become familiarised with the protocol and the data to be checked. Each scan took˜1.5 seconds to complete, due to the delay in turning on/off the Kinect's IR projectors in sequence. A break of one minute was included between each scan, with the participants being asked to leave and re-enter the scanning area.
Footprints were placed in the centre of the capture volume to ensure the participants stood in the correct place, which also aided with improving inter scan measurement variability. The position of the footprints was determined with reference to Kirby et al [42] in order to maximise body stability.
Participants were asked to adopt a modified version of the anatomical pose defined by ISO 20685 [43] for the duration of the scan, with their arms externally rotated by 35
• with reference to their trunk (figure 4). This ensured the underarm area of each participant was included in the scan, as these data were required to define the top of the upper trunk segment.
Hand supports were used to limit involuntary movement during scanning, which also aided participants in adopting the correct anatomical pose. Two tripods were used for this purpose, providing only light touch stabilisation of the index finger and not mechanical support [44] [45] [46] . Height and position of the supports were adjusted prior to scanning, with the aid of a goniometer to ensure the participant's arms were in the correct place.
Participants were asked to hold their breath at the end of the expiration cycle (end-tidal expiration) throughout the short scanning duration [21] . This ensured the diaphragm was empty, which limited shape change of the trunk between scans, and hence aided with scan reliability.
Scan Post Processing and Volume Calculation
After collection, each 3D scan was manually digitised by a single operator using bespoke software (figure 5a). Unlike Yeadon's technique which models the trunk as three separate segments, the 3D scan includes a complete geometry of the trunk, and was therefore treated as a single object. Two markers were digitised on each scan, one of the ASIS markers, and one of the nipple markers: defining the top and bottom of the area of interest. For consistency, the participants right most markers were always digitised. Participants were assumed to be stood perpendicular to the global coordinate system whilst adopting the scanning pose, which allowed two segmentation planes to be constructed from the two digitised points ( figure 5a ).
An automated technique was developed to calculate the enclosed volume of the region of interest. Firstly, the scan was constrained to only include the main cluster of points relating to the torso segment, removing outlying pointssuch as the arms. This was achieved by calculating the inter point distance, and removing any points with a distance greater than a pre-defined threshold.
Next, the valid scan points were split into 2 mm point 'slices' throughout the entire region of interest. A height of 2 mm was chosen as initial investigations showed this was the minimum permissible size to ensure features were accurately represented, whilst ensuring there was sufficient points to form a representative outer perimeter. Each slice was 'collapsed', creating a 2D topological representation (figure 5b). The area of each slice was calculated by creating triangles within the area contained by the points, about the centre of the slice (figure 5b). The area of each triangle was summed and multiplied by the slice height (2 mm) to calculate the volume of the slice. This process was repeated throughout the scan, and the volume of each slice summed to estimate the total segment volume.
Results
Agreement Between Methods
After post processing, volumes estimated from the three repeated 3D scans per participant were compared with those calculated using Yeadon's geometric model (table 1) .
Agreement between methods was assessed using limits of agreement (LOA) [50] , allowing identification of systematic and random noise differences (figure 6). Figure 6 shows the difference between the two methods to be greater than zero in all but two cases, suggesting presence of a fixed measurement bias (0.001m
3 ). Figure 6 also suggests possibility of a proportional bias, with the trend of the difference between methods being reduced as mean volume increases. However, this cannot be reliably interpreted from the figure above.
To investigate further, ordinary least products regression (OLP) [51] was used to identify fixed and proportional measurement bias (figure 7), combined with an r 2 value to indicate random differences between the two techniques. The OLP analysis agrees with the previous Bland Altman plot, showing a ≈ 0, with a small confidence interval (0.003) whose lower limit is at a = 0. From this, we can be confident there is presence of a fixed measurement bias. Visual inspection of figure 7 also shows this to be the case, with the Kinect scanning system appearing to overestimate volume in comparison to Yeadon's geometric model. The OLP analysis suggests a lack of proportional bias (b ≈ 1), with visual inspection of figure 7 also agreeing. However, the confidence interval of b is wide (0.306) and has upper and lower bounds either side of one. Therefore, we cannot be confident in the findings of b, based upon the current dataset. Additional data is required as this should lead to a more reliable value of b, allowing conclusions to be formed. Ostensibly, high correlation is demonstrated between the two techniques (r 2 = 0.95), suggesting the presence of limited random noise.
Reliability
The relative technical error of measurement (TEM) [52] , [53] was calculated across the 3 repeated scans for all 12 participants and shown to be on average 0.88% (± 0.1).
Relative accuracy was quantified by calculating intraclass correlation coefficients (ICC). ICC for the 3 repeated scans across all 12 participants was calculated using a two way random effects model with single measures accuracy (ICC  (2,1)) [54] and found equal to 0.997.
Discussion
This report compares trunk segment volume estimates of 12 living male participants obtained using a low cost 3D scanning system and conventional geometric modelling techniques. The motivation for this study was to develop a method of estimating volume of the human trunk segment that is quicker than current techniques, whilst demonstrating comparable accuracy and reliability. This would give wider access to such measurements within sports and healthcare environments, as current techniques are often prohibitively time consuming. Furthermore, it demonstrates the possibility to obtain additional measurements (such as centre of mass and moment of inertia) directly from the 3D data, rather than relying on generic assumptions or models.
Both the Bland Altman and OLP analysis clearly show presence of a systematic measurement offset between the two techniques. Results show the scanning system to on average overestimate volume when compared with Yeadon's geometric model. Previous research has shown such scanning systems to overestimate shape [39] , whilst the inability of Yeadon's model to accurately model some somatotypes is also well reported [19, 20] . For example, visual inspection of figure 6 shows there are some participants whose trunk volume is more closely comparable between both techniques. This could simply be related to random measurement errors in the 3D scans, or the manual measurements used in conjunction with Yeadon's model. Alternatively, it is more likely those participant's trunk segments are not well represented by a stadium solid shape, leading to overestimation of volume according to Yeadon's model, and hence a reduction in the seemingly systematic measurement offset. Future studies should look to investigate this further, grouping participants based on somatotypes or particular body measurements, and analysing how the difference between the two techniques varies.
Results from the OLP analysis did not permit a reliable conclusion regarding the presence of proportional bias, largely due to the relatively small sample size. Additional data -particularly at the higher end of the volume spectrum -is required to enable a reliable conclusion to be formed.
The 3D scan data has the potential for a number of error sources, although the study was designed to limit these as much as possible. A significant assumption of the volume calculation method is that the participant's trunk segment is perpendicular to the global coordinate system during scanning. Any misalignment would result in the segmentation planes being misaligned with the anatomical landmarks on the opposite side of the body to that was digitised. The potential for such errors was reduced by ensuring the supporting tripods were set at equivalent heights, thereby aiding the participant in adopting the correct position. However, the tripods were primarily intended to reduce involuntary movement during the scanning duration, which could otherwise introduce unwanted motion artefact in the 3D scans. Visual inspection of the 3D scans showed only slight presence of motion artefact in a limited number of scans. Another possible source of error, is in the manual digitisation of the anatomical markers on the colour rendered 3D scans. The 10mm coloured markers placed on anatom-ical landmarks can usually be digitised with ease, but can sometimes be occluded in areas where the scans overlap. For this reason, it may be better to digitise using the individual 2D colour images from each Kinect, and later convert to 3D via automated techniques. This suggests the potential for a further study, which compares both the accuracy and reliability of 2D and 3D digitisation techniques.
The steps introduced to limit such errors ensured intra participant reliability was high (table 1) , which further suggests presence of a systematic measurement bias. Putting the results into context, ISAK state acceptable intra examiner relative TEMs of ≤ 1% for a level 2 examiner taking body measurements (girths, lengths etc) [47] . The 12 participants in this study have an average TEM of 0.88% (0.10), suggesting the system presented here would be well received within sports and healthcare communities. A recent study by Outram et al [48] investigated the accuracy of trunk segment volume estimates using a slightly modified version of Yeadon's geometric model. ICC was used to assess reliability, which has been deemed appropriate for use in healthcare environments [49] . Average ICC across the trunk segment was shown to be 0.887, in comparison to an average ICC of 0.998 by the scanning system. Acceptable accuracy is typically deemed by an ICC ≥ 0.70 [50] , again suggesting the system would be well received within sports and healthcare communities.
The system developed here is low cost (˜↔1500), easy to setup, calibrate, and use. The system is capable of obtaining BSP estimates much quicker than current techniques, increasing the availability of BSP estimates, and enabling their use in environments (such as sports training and competition) where current techniques are often prohibitively time consuming. Perhaps the biggest advantage of the system presented here is that all the measurements are directly calculated from the 3D scans, and are therefore specific to the person, and not reliant upon generic assumptions or models whose accuracy may vary with participant age, gender, or physique. In addition to the first order BSP presented here, the 3D scans allow the possibility of directly calculating higher order BSPs such as centre of mass and moment of inertia, as well as lower order anthropometrics such as circumferences, surface distances, and Euclidian distances. The ability to archive the 3D scans means additional measurements can be taken at any point in the future, also allowing historical scans to be overlaid on one another to compare changes in physique over time.
The high intra participant reliability, greater ICC than current techniques, adherence to ISAK reliability standards, and unique features offered by the system suggest it would be well received by sports and healthcare communities. The volume overestimation appears systematic throughout the scans, and the variable difference between techniques expected to be related to Yeadon's stadium solids and their ability to accurately model some somatotypes better than others. Whilst the system has demonstrated good performance when scanning the trunk segment, further work is required to determine equivalent metrics when scanning segments known to be better approximated by geometric shapes [19, 20] : such as the arms and legs.
Conclusions
This study presents a simple, low cost 3D body scanning system (˜↔1500) which is able to calculate the volume of a living human's body segments using a semi-automated approach. The volume of 12 living male participants' trunk segments was estimated with the system, and compared to estimates obtained with Yeadon's geometric modelling technique. Results showed the 3D scanning system to systematically overestimate volume, in comparison to Yeadon's technique. Without gold standard data it is impossible to conclude whether this is a systematic measurement offset in the scanning system, or due to the well cited problems of modelling the trunk segment using geometric shapes. Reliability was high, within ISAK level 2 limits, and greater than that offered with Yeadon's geometric modelling techniques. Considering all these factors, and the unique advantages offered by the 3D scanning system, this study suggests great potential for use of the system within sports and healthcare environments to assess person specific BSPs: giving access to data which is currently infeasible due to prohibitively time consuming techniques.
